1-Introduction
Ion exchange reactions describe the distribution of ions between adsorbed and solution phases. Such reactions have been extensively studied on clay mineral surfaces, where cations counterbalance the intrinsic negative surface charge of these materials. Cation exchange reactions involve major cations from the electrolyte background as well as trace elements in solution. Consequently, cation exchange reactions have for a long time been recognized as of great interest in many fields of investigation. Cation exchange is one of the main factors governing plant nutrient availability, such as potassium in agricultural soils [1] [2] [3] [4] . Cation exchange reactions also explain part of the retention properties of clay minerals towards inorganic or organic compounds: heavy metals [5] , radionuclides (for instance caesium, [6, 7] ), antibiotics in agricultural soils [8, 9] , dyes in industrial waste water [10] and other compounds. While clay mineral surfaces have a strong impact on the chemical behaviour of adjacent solutions, solution chemical composition exerts, in turn, a great influence on the physical properties of clay rocks, sediments and soils [11] . For instance, the accumulation of sodium cations in agricultural soils due to poor quality irrigation water is known to be responsible for the destructuration of these soils, reducing their permeability and their mechanical stability [12, 13] . On the other hand, the properties of clay liners used for waste confinement rely heavily on the preservation of their sodic nature, responsible for their low permeability and their semi-permeable membrane behavior [14] [15] [16] . These changes in physical properties are linked to the rearrangement of the spatial organisation of swelling clay platelets as a function of chemical conditions from well dispersed clay platelets, whose surfaces are entirely in contact with the external solution, to stacked platelets, where part of the surfaces forms parallel alignments embedding interlayer water and cations. Because external and interlayer surfaces do not a priori exhibit similar affinities for cations having
2-Experimental and theoretical background

2.1-Montmorillonite structure and surface charge
Montmorillonite is built from layers of oxygen atoms and cations (mainly Si where A tot is the total surface area (~750 m 2 g -1 , [21] ), neglecting the contribution of terminating edge surface area (5-25 m 2 g -1 , [22] [23] [24] [25] ). The resulting net structural surface charge is σ 0 = -0.1 to -0.15 C m -2 for both types of surface, corresponding to charges typically separated by 10 to 13 Å at the surface. For montmorillonite, the structural charge represents the essential part of the cation exchange capacity (CEC), the variable charge at the broken TOT layer edges accounting for 10% of the total negative surface charge at most [26, 27] . 
2.2-Na-Ca exchange reaction
The exchange process is usually written in the formalism of a chemical reaction [13] . For Na- where values in round brackets denote chemical activities. While activity terms for the solute part of the equation are easily obtained through the use of conventional solute activity coefficient computing methods (e.g. Davies, Debye-Hückel, Pitzer), the way to describe the activity of exchanged species is more problematic and there is no unifying theory to calculate exchanged species activity coefficients. The exchanger phase is frequently considered as analogous to a solid solution of two (or more) components [13, 28, 29] . In that case, activities of exchanged Na and Ca are expressed as: 
where values in square brackets denote concentrations in mol/kg clay , N i and f i are respectively mole fractions and rational activity coefficients of the exchanged species i. Introducing where K v is the Vanselow exchange selectivity coefficient [30] that describes an ideal exchange (f i = 1). The selectivity coefficient can be measured with dedicated batch equilibration experiments between solution and exchanger (exchange isotherms), but the rational activity coefficients f i cannot be directly measured. They can be calculated, together with the equilibrium constant, as a function of exchanger occupancy based on the exchange isotherms, but these coefficients, theoretically, cannot be further used for ternary or more complex exchange systems [28, 31] . In practice, cation exchange reactions are evaluated through the calculation of selectivity coefficients or exchange conditional constants whose definition varies as a function of empirical conventions. We introduce here, in addition to the Vanselow selectivity coefficient, the Gaines and Thomas coefficient K GT [32] The GT coefficient is widely used in the literature for describing exchange reactions on montmorillonite surfaces. For homovalent exchange (Ca-Mg or Na-K), the GT coefficient is identical to the Vanselow coefficient but for heterovalent exchange such as Na-Ca exchange, shows that if a 1:2 heterovalent exchange reaction (Na-Ca but also Na-Mg, Na-Cu, etc.) behaves like an ideal exchange reaction (constant K v ), then the K GT value decreases from E Na = 0 to E Na = 1 by a factor of two. For instance, Sposito et al. [33] have demonstrated that Na-Cu exchange on Wyoming montmorillonite in perchlorate anionic background is well characterized by a constant Vanselow selectivity coefficient. Sposito and Mattigod [34] have also demonstrated that the apparent changes in K GT for Na -Cu exchange on montmorillonite observed by Maes et al. [35] were in fact consistent with a constant Vanselow selectivity coefficient. This statement is also true for Na-Ni and Na-Cd exchange experiments performed by the same authors. However, this is not true for Na-Co and Na-Zn exchange with K GT values varying by a factor of ten from E Na = 0 to E Na = 1 [35] . Previous studies showed that this variation could be due to the strong pH-dependant adsorption of transition metals on montmorillonite edge surface sites [36] : in that case, this variation should also be observed for Ni, Cu and Cd given the similar affinity of these transition metals for clay edge surfaces [37, 38] . Indeed, it has been frequently observed that, independently of the cation exchange scaling convention, the selectivity for divalent cations relative to Na increases with increasing occupancy of the exchanger by the divalent cations [13, 39, 40] . This behaviour has been attributed to contrasted behaviour of interlayer and external surfaces towards cation exchange [41] [42] [43] [44] [45] and thus to the formation and destruction of tactoids as a function of experimental conditions.
2.3-Influence of exchanged cations on tactoid formation
The mean number of sacked TOT layers in one tactoid depends on the exchanged cations. In a "zero" ionic strength solution, homoionic montmorillonite exchanged with divalent cations (Ca, Mg) tends to form tactoids with n c values ranging from 4 to 7, while montmorillonite exchanged with monovalent cations (Li, Na, K) exhibits n c values from 1 to 3 [46] [47] [48] . The corresponding ratio of outer to interlayer surfaces (A ext /A int ) varies accordingly ( Figure 2 ).
Similar observations were made on Na-Ca clay suspensions in 0.2 mmol/L chloride electrolyte background [49] , but n c increase started at higher E Na than in the "zero" ionic strength experiment. Stacking arrangement is thus not only dependent on the exchanged cations population but also on the ionic strength. at "zero" ionic strength (data from [46] ). Circles: change in the number of stacked TOT layers (n c ) as a function of the relative surface coverage by Na (E Na ). Triangles: corresponding ratio of outer to interlayer surfaces (A ext /A int ).
2.4-Distribution of cations on montmorillonite surfaces
The organisation of the solid-solution interface is different at external and interlayer surfaces.
In the interlayer volume, clay structural negative charge is believed to be completely counterbalanced by exchanged cations. The confined space delimited by the clay surfaces (typically 6-10 Å, [50, 51] ) does not enable the presence of a diffuse layer. On the other hand, structural negative charge at the external surface is not entirely counterbalanced by cation sorption at the surface and part of the negative charge is screened in the diffuse layer. This partial compensation of charge can be probed by zeta potential measurements (e.g. [52, 53] ).
The distribution of cations on montmorillonite external surfaces cannot be probed directly by spectrometric methods but molecular dynamic computational methods have made it possible to show that Na + and Ca +2 cations are distributed over a compact (or Stern) layer, with outersphere complexes, and the diffuse layer [54, 55] . Only a minor proportion of surface Na + cations are engaged in inner-sphere complexes, where Na + loses up to three of its hydration water molecules. This distribution is further assessed qualitatively by analogy with X-ray reflectivity results on K + sorption on muscovite surfaces [56] . The ions in the diffuse layer balance the charge from the surface:
where Q D is the surface charge compensated by the diffuse layer (mol c kg H2O -1 ).
Neglecting the contribution of anion exclusion, the contribution of Na and Ca cations in diffuse layer on cation exchange is given by:
Equation 15 ( )
where V D is the considered volume of the diffuse layer (or Donnan volume, in L or kg H2O ) and m clay is the mass of clay (in kg). The balance of the surface charge over the sites complexed with cations in the Stern layer and the diffuse layer depends on the affinity of Na for the surface, K Na [60] :
where Ext -denotes a sorption site at the montmorillonite external surface. The value of K Na cannot be obtained directly from an exchange experiment but can be related to the zeta potential [61, 62] or calculated theoretically [63] . A large range of K Na values can be found in the literature depending on the model used (e.g. Basic Stern -BS, Triple Layer Model -TLM, Double Layer Model -DLM) and the representation of the interface between the clay surface and the solution [60, 62, 64, 65] . For simplicity reasons, we considered the TLM parameters from [54] (obtained from molecular dynamics calculations combined with zeta potential measurements) and translated them into a single log K Na DLM parameter (log K Na ~ 0.8).
We consider in the following that the sorption of Ca 2+ on montmorillonite surfaces occurs on the same sorption sites as Na + . This representation must be seen as a simplification of the mechanisms, since cations of different nature can (i) be located at different distances from the surface [66] and (ii) have different mobilities and preferential positions with regard to siloxane cavities [67] . For Na-Ca exchange, Bourg and Sposito [55] showed that Na + and Ca 2+ outer-sphere surface complexes are located at essentially identical distances from the smectite surface.
We made use of one of the simplest approaches for surface complexation modelling on external surfaces, i.e. the electrostatic double layer model as described by Dzombak and
Morel [68] and implemented in PHREEQC [69] . In this model, activities of adsorbed species are defined relative to the surface potential of the adsorption plane and surface species occupancy fraction (mole fraction in mol/total moles of sites). This choice aims at having a minimum number of parameters: only the affinity of Ca for the external surface sites, K Ca , must be fixed:
Reaction 3 differs from the reaction described in Dzombak and Hudson [57] According to numerous authors (see discussion in [28] ), sites located on interlayer and external surfaces may have unequal cation exchange selectivity, further explaining the existence of exchangeable cations de-mixing, i.e. for instance, the preference of Na + for external surfaces in a Na-Ca montmorillonite system as probed by electrokinetic measurements [72, 73] . In that case, one expects the selectivity coefficient to vary as a function of E Na because of the accompanying changes in n c (Figure 2 ). In the following, we investigate these effects with new measurements in the Na-Ca exchange system and with data available from the literature.
3-Material and Methods
3.1-Solution preparation and concentration measurements
All solutions and suspensions were prepared with Millipore Milli-Q 18 MΩ water. LiCl, NaCl, and CaCl 2 solutions as well as acetic acid/acetate, MES and MOPS buffers were prepared from analytical grade salts. Na, Ca and Cl concentrations were analyzed by liquid 
3.2-Clay material
The fine fraction (<2 µm) of the MX80 natural clay sample material (commercial Wyoming bentonite, reference BF100, CETCO France) was isolated by sedimentation and re-dispersed in NaCl (0.5 mol L −1 ). It was then successively treated with 0.1 M acetic acid in 0.5 M NaCl as a concentrated suspension as recommended by Duc et al. [74] .
3.3-Cation exchange isotherms
Na-Ca exchange isotherms were performed at total Cl concentrations ranging from 0.01 to 0.1 mol L -1 and solid to liquid ratios from 0.5 to 10 g L -1 . The chloride anionic background was preferred to a perchlorate background since it better represents the natural systems studied in our laboratory. The same method as described in Tournassat et al. [39] was used to perform exchange isotherms. Equilibration times ranged from 24 to 60 hours, the longer times occurring when the exchange experiments were carried out over a weekend.
The amounts of exchanged Na and Ca were calculated with the following formulas: According to the sorption mechanism depicted in Figure 3 , part of the water contained in the clay slurry participates in the hydration of sorbed Na and Ca. As a consequence, we define adsorption not as a surface excess, but as a kind of partitioning into a distinct "surface water"
phase. The term V slurry should then be corrected from this hydration water contribution. This correction can be made either by considering that hydration water is mostly interlayer water or diffuse layer water. We considered that hydration water was mostly diffuse layer water.
Accordingly, we corrected the V slurry term by an amount of water corresponding to a volume extending up to two Debye lengths from the clay surface (750 m 2 g -1 ). In addition to data obtained for this study, data from [39] were also reprocessed using the same procedure. 
3.4-Uncertainties
Uncertainties were calculated similarly to Tournassat et al. [39] (See electronic annex).
3.5-Light transmission measurements
Light transmission measurements were carried out on suspensions with clay contents ranging from 0.06 to 2 g L -1 . Na-conditioned clay was washed twice (3 hours equilibrium and centrifugation) with the solution of interest (LiCl, NaCl, CaCl 2 , acetic acid/acetate or MOPS buffer, or a mixture of these solutions at various concentrations). Prior to spectroscopic measurements, the clay suspension was equilibrated 24 hours with the solution of interest, 
4-Results
4.1-Light transmission measurement results
Light transmission measurements enable relative sizes of tactoids in the stacking direction to be obtained as a function of experimental conditions [46] . [78] . For all conditions, the Na-Ca selectivity coefficient is almost constant (in the limit of data repeatability) from E Na = 0.2 to E Na = 0.4-0.6 and then decreases continuously up to E Na = 1 but experimental results are more scattered for E Na > 0.6 than for E Na < 0.6. The same trend is also observed for experiments performed at higher chloride concentration but with selectivity coefficient values higher than those measured at low Cl concentration ( Figure 6 ). If the GT selectivity coefficient is considered in place of Vanselow, the same trend is observed (not shown). We conclude (i) that in our experiments the solid to liquid ratio has almost no influence on the measured selectivity coefficient, (ii) that the increase in chloride background concentration causes an increase in the Na-Ca selectivity coefficient and (iii) that the changes in selectivity coefficient as a function of E Na are not due to the choice of cation exchange scaling convention in the investigated systems. 
4.2-Exchange isotherm results
Na-Ca cation exchange results for
5-Discussion and modelling
Comparison with literature data
Available Na-Ca exchange data from the literature are shown in Figure 7 . If possible, K v values were recalculated from tabulated solution and exchanger composition ( [45, 79, 80] and [81] , the latter reference giving exchange results in the system Na-Ca/Mg). In some cases, solution and exchanger phase composition were derived from exchange isotherm figures and information on the anionic salt concentration [82] . Otherwise, selectivity coefficient values . Error bands were not calculated due to a lack of available data for most of the experiments Depending on the clay, the measured selectivity coefficients do not cover the same range of values. For a given clay, the measured selectivity coefficients vary by 0.5 log units from one study to the next (e.g. Upton montmorillonite). The lack of measurement reproducibility can be due, at least, to (i) different surface properties for measurements on different clays (surface charge, distribution of charges on tetrahedral and octahedral sites for instance, [86] ) (ii) differences in measurement methods or natural heterogeneity of the clay samples for clay of the same origin. Despite these limitations, available literature data make it possible to distinguish at least two types of contrasting behaviour.
(i) Na-Ca exchange on Camp Berteau montmorillonite is nearly ideal in the E Na range 0.1-1. For E Na < 0.1, the apparent increase in the selectivity coefficient value is not clear due to dispersion of the data.
(ii) Na-Ca exchange on Upton montmorillonite shows a tendency of selectivity coefficient decrease with increasing E Na . This montmorillonite sample is also the only one we found that exhibits very low selectivity coefficient at E Na ~1, similarly to the MX80 sample we used (log K v Na→Ca < -0.8 at E Na ~1). The Wyoming Clay
Spur sample also shows a tendency of selectivity coefficient decrease with increasing E Na , although the K v variation is limited to 0.2 log units.
For Swy-1 montmorillonite, the dispersion in the results and the lack of data at E Na >0.8 does not make it possible to choose between these two options, ideal exchange vs. decreasing affinity for Ca as a function of Na exchanger occupancy. Baeyens and Bradbury [87] measured the distribution coefficient of Ca on Na-Swy-1 at trace concentration of Ca (i.e. E Na = 1) with radiotracer techniques. Their distribution coefficient corresponds to a Vanselow selectivity coefficient of 0.03 ± 0.07 in log scale. This distribution coefficient was measured at pH between 5 and 9 using pH buffers. The possible effect of these buffers on the TOT layer stacking was evaluated through light transmission measurements (   1   2   3   4   5   Table 2 ) and we found no marked effect of their use. As a result, Na-Ca selectivity coefficient on Swy-1 at high E Na seems to follow a similar trend as on Camp Berteau montmorillonite, i.e. ideal exchange at high E Na . 
5.2-Possible sources of experimental artefact
The very low value of our selectivity coefficients at an E Na value close to 1 and more generally the low log K v values in the whole exchanger composition domain is unusual.
According to Figure 7 , such negative values in the montmorillonite Na-Ca system are very seldom reported (see [43] and, to a lesser extent, [83] for E Na < 0.6 with no value available at higher E Na ). This statement casts some doubts on the representativeness of the data obtained Insufficient experimental reaction time must also be ruled out. Na→Ca cation exchange reactions on montmorillonite are fast reactions [82] and our experimental equilibration time lasted at least 24 hours, similar to the Sposito et al. study [33] . Tertre et al. showed that there was no difference between experiments lasting three days or one week. Baeyens and Bradbury [87] evaluated the distribution coefficient of Ca at trace concentration on Swy-1 montmorillonite and could not detect significant changes between one day and three weeks.
One other source of error could be linked to the uncertainty of the measurement at high E Na .
However, the extent of calculated error bands enables this hypothesis to be discarded. An error of 1 log unit for K v would correspond to a tenfold error on the Ca concentration or on the amount of exchanged Ca. Both hypotheses are clearly not reasonable. As a consequence, present evaluation of the data shows that the large changes in selectivity coefficient and its very low minimum value are certainly not due to experimental artefacts or measurement uncertainties. The scatter of data in some conditions must consequently be attributed to variability in response of the system. However, discrepancies in the observed trends with other literature data still need to be elucidated. 
5.3-Coupling tactoid formation to cation exchange mechanism
The experimental data shown in Figure 5 were reproduced using a model combining cation exchange in interlayer and surface complexation at the external surfaces. Fitting model parameters were (i) the affinity of Ca relative to Na for the interlayer (log K v int assumed constant), (ii) the affinity of Ca for the external surface (log K Ca ) and (iii) the stacking size of tactoids (n c ). The maximum n c value was fixed at 4.1 according to the results shown in Table   2 for the MX80 + CaCl 2 0.005 mol L -1 system. The affinity of Ca for the external surfaces (log K Ca ) was obtained from experimental points at E Na ~ 1 where no or little stacking of clay platelet was awaited (n c ~1.1-1.2 see Table 2 ). Then, the affinity of Ca for internal surfaces was obtained from data at low E Na with n c ≤ 4.1. Once these two values were obtained, data were fitted by adjusting n c for each data point. n c values at intermediate exchanger composition (E Na ~0.35 and 0.65) were compared to those obtained from light transmission measurements (Table 2 ) and the affinities of Ca for internal and external surfaces were repetitively readjusted to better match these intermediate values. Data at higher salt concentration ( Figure 6 ) were then fitted by adding an additional contribution from the sorption of CaCl + ion pairs on the clay external surfaces [39, 78, [90] [91] [92] . Model parameters are given in Table 3 and fitted n c values are plotted in Figure 8 and Figure 9 together with the comparison between measured and calculated selectivity coefficient values. Table 1 for details; the straight line is the 1:1 relationship). Right: corresponding stacking number n c as a function of Na occupancy on the exchanger.
Experimental results (apparent log K v values) are well reproduced by the model. It can be argued, however, that the model parameter set is certainly not unique. In the proposed model (Table 2) , Ca affinity for external surfaces is lower than Na affinity (log K Ca -2 log K Na = -0.4). McBride [13] pointed out that montmorillonite charge sites are typically separated by 10 to 15 Å, favouring Na + as compared to Ca 2+ for electrostatic bonds at the external surfaces.
Differences in structural charge distribution and location in the TOT layer of montmorillonite samples [70, 71] , correlated to differences in electrostatic terms and/or configurational entropy changes [13] , could be reflected in turn in the K Na and K Ca value of the present model. Ideally, these values should be obtained by measurements independent of cation exchange isotherms on various clay samples exhibiting contrasting Na-Ca exchange behaviour. The evolution of n c as a function of E Na is not found to be identical to that depicted [49] showed a gradual increase in the absorbance index ratio from E Na = 0 to E Na = 0.5 and then a sharp increase in this index ratio from E Na = 0.5 to E Na = 0.15 in a Na/Ca montmorillonite exchange experiment performed at 0.2 mmol/L Cl background electrolyte concentration. The important point, here, is that n c changes as a function of E Na are consistent with existing data: the minimum value of n c at E Na ~ 1 is slightly above 1, and the maximum n c value at E Na ~ 0 is about 4, in close agreement
with measured values reported (Table 2) . Moreover, the increase in n c is enhanced at an E Na value below 0.4, also in agreement with literature data [46, 48, 93] . As a consequence, tactoid formation upon sorption of Ca on clay surfaces can account for the observed cation selectivity changes as a function of exchanger composition.
5.4-Application to literature data
The model with parameters given in Table 3 variation. However, in these conditions, one expects large error bands on the experimental data (see Figure 6 ). The model is also in near agreement with data from Jannsen et al. [84] if the maximum n c curve is considered. These model predictions can also be used to see how sensitive the model is to the choice of n c value: up to one order of magnitude difference is obtained in apparent log K v Na→Ca when a n c value of 1 is chosen in place of a n c value of 1.3 at E Na value close to 1. It may also be seen that using the maximum n c curve as an input parameter enables log K v Na→Ca variations accounting for less than 0.3 log units to be obtained. Table 2 , [77] ). The speed of shaking and the volume of suspension per flask significantly affect the thickness and lateral extent of the quasi-crystal [77, 94] . Impurities such as adsorbed Al 3+ could also play a role by influencing the stacking arrangements of montmorillonite lamellae [90] . As a consequence, observed differences amongst published cation exchange data could be due to differences in platelet stacking during the experiments. This platelet staking effect has already been proved for the Mg-K exchange reaction on montmorillonite where forward reaction (Mg replaced by K) and backward reaction (K replaced by Mg) did not lead to identical exchange selectivity coefficients [11] . Moreover, the selectivity coefficients evolved slowly with time and this evolution was correlated with a change in tactoid size. The present modelling study shows that this effect may also be true for Na-Ca and other monovalent-divalent exchange reactions.
The main difficulty arising from this modelling analysis is the absence of a unique set of parameters reproducing the data for Na-Ca exchange on various montmorillonite samples. , where Me stands for a divalent cation) in laboratory experiments could not be directly transferable to natural systems. Natural clay systems (clayrocks, sediments or soils) exhibit textural properties that can differ from dilute suspensions: in particular, higher n c values are expected due to compaction of the material [95] . Figure 12 shows the effect of ionic strength and compaction on the apparent Na-Ca selectivity coefficient calculated with the present model (n c = 5, 10 and 20 for illustrative purposes, [11, 96] ). If parameters are taken from Table 3 , then the apparent selectivity coefficient value varies from 0 to 1 as a function of compaction, ionic strength and exchanger composition. 
Conclusions
We have shown that different montmorillonite samples behave differently with regards to NaCa exchange, from ideal to non-ideal exchange behaviour. Exchange data can be reproduced by a model coupling the tactoid stacking size to different Na/Ca relative affinities of the external and interlayer clay surfaces. According to this model, clays would have low affinity for Ca on their external surfaces. This result has implications on the applicability of selectivity coefficients determined from experiments in dispersed suspension for the prediction of compacted clay-rock properties where the effect of platelet stacking should be taken into account. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 
